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IT ATIONAL ADVISORY COMMITTEE E OR ’'AERONAUTICS 


TECHNICAL NOTE NO.. '967 


SHEAR ELASTIC PROPERTIES' OE SOME' HIGH STRENGTH NONE1RROUS METALS 
AS AEEECTED BY PLASTIC DEFORMATION AND BY HEAT TREATMENT 
By R. -W . Mobs and D . . J . McAdam, Jr. 

SUMMARY 


A study was made of th'e shear elastic properties of 
monel, nickel, Inconel, and aluminum-monel tubing, as influ- 
enced by extension of annealed specimens, by cold reduction 
during manufacture, and by stress-relief annealing of cold- 
reduced materials. The properties studied were the shear 
proof stresses and the shear modulus of elasticity and its 
variation with stress. 

The factors whi ch ' det ermine the variation of the 
shear elastic properties of these metals with plastic defor- 
mation and annealing temperature are shown to be (a) internal 
stress, (b) work- hardening or lattice expansion, and 
(o) crystal reorientation. 

With slight extension of annealed tubing, the shear 
proof stresses generally decrease,, owing to induced internal 
stress. Subsequent extension, or cold reduction, causes a 
rise of shear proof stress, ■ due to the dominant influence of 
the. work-hardening- factor. ' A small increase of proof stress 
is obtained upon cold-reduced monel, In.Conel, and aluminum- 
monel tubing by annealing at fairly low temperatures, owing 
to the relief of internal stress. With further increase of 
annealing temperature, there is-' a continuous decrease of 
shear proof stress for monel, nickel, and Inconel tubing, 
due to relief of work-hardening effects and recrystalli za- 
tion., Eor aluminum-monel, there is obtained a marked in- 
crease in proof stress by holding at temperature immediately 
below the recrystallization range, This-rise is due to 
precipitation-hardening. 

A rise- of the shear modulus of elasticity is obtained 
with moderate cold reduction of monel and nickel tubing, but 
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not with. jaXten.eri'flji of the-'amnealsd tubing,;.. Evidence is given 
that this difference protabl^ is. due to the directional in- 
fluence of internal stress induced during prior deformation 
upon subsequently measured elasti/c mofdurli; that is, such di- 
rectional influence is believed to be more prominent for 
extended annealed tubing than for cold-reduced tubing. The 
. internal stress iftd'U'bfed' during qorloxv ..extension ^probably has. 
little effect on the shear modulus as subsequently measured; 
it: would. nror-e. greatly ‘affect-, tens il“e •modulus measurements. 

The effect of internal stress induced during cold reduction 
would af fec.tr 't epsi-lAs : and sh'ear- moduli m/ore nearly alike. 

A decrease of the shear modulus of- e last ic ity is ob- 
served with oxtonsion of .moriOl' and aluminum-monol tubing. It 
is also observed over at least a portion of the range of cold 
reduction of all the metals tested. This decrease is be- 
lieved: tro‘ he due tiov.tKa. Combined -dominant. influence of the 
•’'wbrk-hardeni'ng.’ .factor and preferred ^crystal orientation. The 
• relative inf luanca -of each iof thee e: two fac'tors, however, is 
-not e st ablltsh'edv . '. ■■ .' • o - •: • •' 1 , ■■■■', •• '- •• ■ ■ * • - T - 

With. 'increase of annealing temperature for cold -reduced 
Inconel and aluminum-monel, a rise of the shear modulus .is 
observed. This rise is accredited to the combined influence 
of- relief 'of the* works- hardening, effects and recrystallization. 



INTRODUCTION •? . 


'.The demand for more detailed inf ormation -about : the de- 
formation 'of metals under applied stress, within the useful 
working stress -range , has :re suited in numerous Investiga- 
tion^. : -of ..significant -e la sbi c prQperties of metals . In a ; - 
pro'ject -sponsored by and conducted with the financial -assist- 
-an.ee of the Nat.i onal 7Advi sory Committee for Aeronautics at 
■ the- National Bureau of Standards, - a series of reports : (refer- 
ences L’,: 2» 3, 4, ' and '5) has been 'presented upon the tensile 
and shear elastic properties >of high strength air craft ..metal s . 
The elastic - properties investigated were (a) the proof, . . 4 
st re's se s - pr oducing- selected proof .sets, (b) the toneileand 
shear moduli of elasticity and their variation with applied 
stress, And (c) Poisson's ratio and it s- var iat i on with stress. 
The influence of cold work and of.'heat treatment upon these 
properties was also studied. The se , indioe s v$re derived from 
correlated stress-strain and stress-set curves, as described 
in the oarlior reports (reforetoes 1, 2, 3, 4, and 6). 
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These ear lier - r epbrt s' di ecus sed‘ ; t ehsile-ela st i o proper- 
ties for a large number of met dig’- ( ref er shoe k~ 1 , r 2, &hd 3) 
and tor si opal- e last Ic- 1 properties - for 18*8 'chromium-ini ckel 
steel (references- 4 and 5);’ ' ; The ’pre sent report , which is the 
sixth of, the series, di scusse s-' t he : ihear ' elhst ic properties 
of monel, nickelj. Inconel-, and 1 aluminum-monel ; ^ The ' shear 
properties, -as in ,pr sviously de scribed • inV& s-t igat i ohs , were 
determined by means of -torsion te,sts of tubing,.'. 1 


MATERIALS AND TESTS 



The material used , in this Lnve'std’gatlioh was obtained 
from The International Nickel. U ompany .through' the ct'op-eration 
of Dr. W.. A. Mudge , Assistant' Dir ec-t dr: ; -of .the ’Technical 
Service Section; it was supplied in-, 'the-: “form 'of seamless tub- 
ing of 1-inch outside diameter and 0.085-inch wall thickness, 
nominal size. Each material was supplied in sev era l hardness 
grades, as obtained ty ’c-old. "reduction' 1 without intermediate 
anneal; Inconel and aluminum-monel were also supplied in a 
soft annealed cohdit fori. ~ T-herd was-al-sb "iuppl led. , of each 
material, tubing which had been severely cold-reduced and 
then normalized or’ st re.se-* re lief -an healed at 500° E. All 
hardness grades of a single material were from the same heat. 
Chemical compositions are - list ed: •! n- table I..- Mechanical and 
thermal treatments of individual specimens are listed in 
table II . 

Cold deformation in manufacture was- applied' to these 
tubular materials by ,, coldi-dr:awdng n -’ or by the’-'# tube-reducer M 
method. The method applied. -t'o : each material. -.’is indicated in 
table II. C old-drawing consiete- In- 'drawing 'the' tubing- between 
an ordinary drawing die -and a- fmandr el ;s i The' r tube-red'ucer 
method consists in knead i nig ;t he; .t, dp ing. over. 'sc. mandrel: with 
the aid of rolls'. - Both protegees w.i-ll- be r e ferred : to In this 
report as cold reduction, in order t o differentiate from the 
cold deformation' obtained by tensilevextensl on. .of specimens 
soft-annealed in' this laboratory. v .- • ■ - - - 

Specimens from each-, of. -the: -c old-reduced, and* of .the an- 
nealed materials, wer-e prepared- fiO-r.; torsion;. te'sting.- i-.n the as- 
received condition. -The. normalized', c.old -reduced material 
was softened by further -annealing- at. a -higher- temperature. 
Individual labprat.ory-vannealed, specimens- we.r;a 'th.en extended 
varying amount.s- -in a ’t ension -rt e st ing- machi-ne--before- testing 
in torsion. • • . rt .-hr.--* -k -> .. ■ • 
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... T . 7 — The me t hod • • of ;pr spar ing and mba sur in g -'t‘ or s i tjin specimens 
was • described .in an earlier '-report (referenoe 4 )'; The_t or- . 
sion -t:est s were -made in a manually operated, pe'ndulum-ty.p 6 
. t or slon' ■ t e s t i n g mach i ire ' ofJ 13*000 inch-pound capacity. ‘The f 
optical.- jfco.r si on 'mat er' 'employed "was the sa’itter 'd's' that uaed".lh 
the '.’earlie'r Investigat i on (r e’f erenoe '4T." " ‘She.'ar' 'stress.*? s.tjg£&n 
and .etr.ffsS“ set - : cUrve s' were measur ed simuit aneou sly .'on .e'a'ch. 
specimen "by methods explained’ previously (reference's 2 , 3, 
and 4). Prom these were derived the various shear elastic 
indices. 


Stress-deviation 
stress-modulus curves 
curve s^ are illustrat ed 
ences .lj 3 , J and 4) . 
o f such.- cur v-e s and " t he 
given ■ in -th-e earlier r 



and stress-set curves and the derived 
are not given in this p e p ort . Such 
i • however', in ejkri'ier. ne'pprts- (rjfer-,, 
T-he relationship-]' bet weep 0 tide .J’dtms' , 
Values- of thV- derived indices; are . also 


eport s . 



THE. ; INFLUENCE OS’ PLASTIC ' BEFORMAT I ON- ANR- HEAT ''TREATMENT 

. r . . . , » i ; * j 

j . ■. - r» •* r .* .‘j .,5 t . . , ■. j-’. *. j.—.*. 1 - ••L**-’. ■»« r ^ '■* ■** ■ 

.-■•UPON THE: SHEAR BLAST I C" PROPERTIES- OF : MONEL" TUBING-' _ 

•Inf luon'bb' 6f- ; Pf i Sr Plast I c * Ext eh'sibii" and pol'd” deduct £ on” r .. 


•* •••*> •"•upon- ■ the ' Shear ' 1 Elast i c Strength- of Monel ’ 

r ; i ?'■; -« * ■; r ( f-r* 0.” iv ; : •_ : A 



Monel tubing (TGE) which had been cold-reduced 75 to 80 
per cent "in' Area-? bf 'dr OS S sebt i oh and normal 1 zed at“5pO°:;P 
during manufadturb was soft-ahribaled- at ' 1400° F . Individual* 
annealed" bpb 6imens "Vrbi* e''thSn' ; bxt ended 0 ]4 6 , 1,11, 1 , 92; ! ’S .'83 , 
4.-67* and 4 l-0 ; 13 ; per dent-', 1 ! '-’rd bpect ively , " 'Shear proof stress”]''* 
value s & e'riVed’ fhom torsi bn'’ 4 tr T ess-set curves measur ed "upon].', 
these spdeimbris fcrb plotted -in figure' IJy ;; The ( amount ‘cf .Sip l 
te&aidh exp re sS§d--as ■ equivalent 'reduction of ' area i s pi it t ed _ 
as ; ab scji b sa* R 1 Thb '; shear proSf '• st r e s se e df 0 ] plotted upon \ __ 

set : scale's- in ■ or'dsf ‘'t o '-separate the yalue s r corn 6 sponding to; 
the various proof sets indicat ed : T- namely , 6 . OOl , 0 . 003 0 . 01 , 

0.03, and 0.1 percent, The. experimentally derived points are 
connected by straight vlihe.'s' ", A'I'smo btrh curve; drawn through 
the ^experiment ally derived point y_wbuid ..net ’deviate gr eatly 
from these 'lines 'With ■’increaaf ng plastic 'd'e’f ornlat ion , (fig. 

1A) ,- the "various 'pro d f strbs^as' 'eyiiihiit' ”a;h ^hii'ial sharp . de- 
crease, ■' "f blidwed by ;at"s lower £t : (The "init ial ^decrbdse' .is 
most- -pr b'nouhded for the 'l dw'er p’r o of ' set s' , and the " suhae_'quent . 
increase 'is more rapid at the higher proof sets. The "O'. '001 
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and 0 . 003-percent £tf'6 : of • sferes se s do ' not -r each:- during 10. 13- 
percent extension (9.2-percent reduction of area) the values 
obtained at -zero r-educti on -('fig.-.- 1A ■ " ~- v • 


In' figure IS -are -plot-bed shear -proof stresses- obtained 
with'.monel tubing cold-reduced -10 , 20, 30, and 40 percent 
during manufacture, ■ The amount -of c old-' : reduet i on- in cross 
section is plotted, as 1 abscissa. -Symbols denoting the-' various 
cold-reduced grade’s ar e .mar ked on the • diagram al’ang- corre- 
sponding abscissa-. Fr oaf -.-stress tfalue s--£or ■ the fully annealed 
monel specimens are plotted at zero equivalent reduction in 
both figures 1A and IB. 


With increasing cold reduction (fig* ■IB.) all the proo 
stresses rise.--- This rise is greatest between zero, and 10- 
percent reduction,! 7alues o.f proof stress -for the. anneals 
metal and ,monel- cold-reduced 10 per cent .are..- connected, by 
broken straight line-s; . the exact, .course of-.thanie- curve s 1b 
not known . -- • . : j . . ... .1 ? , -» .»>. ~ - 


f 

d 


In earlier reppr.tjs (references 2 t.Q.6) were discussed 
the various factors whi ch. inf lu-eno.e - the yariati on- of ; - proof 
stress. These fact or.s, ’are- (.!)• mapr o.sc op$ o ; ipt.erngi.1 _ st r e s e. 
and micro structural stress,- he pea f tep ;: r ef-e-rr ed v t o as- internal 
stress, and (2). the work-ha.rde.ning v or. JLat t*i_ce, -expansion fac- 
tor. The init ial ■ decrease, ..in prcof/rs^re.s _q. with:.- extensi on of 
the annealed metal ijfi.g. lA)- ; ;i.s probably .-due. t<?.. ap .increase 
of internal stress. (See references 2, 4»’ : .and 6; ) ....The sub- 
sequent rise of proof stress with extension (fig. 1A) and the 
rise with cold reduction X fig..-: IB,)- laay.'.bd.. -attributed to the 
influence of the second factor,, w ork-hapd p ni.hg (references 2, 
4, and *6’) .■ .... — • - - 


It- should be noted .that .the -:sh ear .proof stresses corre- 
sponding to 9.2 percent equivalent, reduction .( fig . 1A) , espe- 
cially those corresponding to the smaller .proof sets,’ are- 
somewhat lower than the shear proof stresses obtained -with 
monel tubing cold-reduced 10 percent (f-igi IB) , This differ- 
ence may he attributed either to a ■ more duplet er ipu.s influence 
of internal stress induced by the extension process than by 
cold reduction, or possibly because cold reduction during 
manufacture may have been imparted, to hot-rolled ..tubing,; 
rather than to annealed tubing. . ...V . 
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Influence , of Prior Pla's.tic Extension and. Cold Seduction 

upon the Shear 'Modulus of Elasticity of Monel Tubing 

(. ■■■■■: .--The variation of .. the. shear- modulus of. 'elasticity with 
extension of annealed, mb nel and with cqld reduction of monel 
is' shown in figures 2A..and 23, respectively'. •' Tallies ‘obtained 
fb'h the fully annealed . 'metal are. plotted at " zeVd equivalent 
• reduction’- in both figures. The method of "derivat ion'" o f the 
modulus- wait described in earlier, report s- (references 1 , 2, 

'■ 4.," ahd- ’ 6 ) . 1 : •: r 

Because the stre.s s-r strain •lines;' fo r- monel j' and f o ^ many 
'■ Other- me tils .are cury.ed in form, ifc~ be cbme s ■ de sirahle .to . 
specify the stress at which- the modhlus was -’idea sure d.. * Tu 
earlier re po.'rt s ( references 1 , 2 -, S , ahd ' 6 ) , "the tensile. mod- 
ulus was' 'se.lec.t'e.d at zero stress and; generally r at 2 &, 0.00 and 
■50 j ; OPP" psi • Nadai (reference 7) has suggested -that" the stress- 
strain curve for a metal in pure shear can be .derived- from its 
stress-strain, curve, in tension’, -by mult ip lying stresses by 
and strains, by : 1.5. . This -relationship will hold accurately 

only for. ‘isotropic metals* -provided sdmV^u'estiopab.leJaVBump- 
tio ns' employed . in its --darivat ion are’ Valid. 'jL$ a first .approx- 
imation, however, it may- be applied t-d^ all metals. Therefore, 
shear modulus • value s were obtained af'z.ero stress, and where 
possible '.at ,14,450 and 28,900 ps’d'. The fee ’■ modulus 'value & are 
;to be utilized in a later, report-', (to'-’ be published) ; ..in calcur 
’ lat ing ,po is son * s . ratio-. : ■ r * ; • ~~ r ~ ,* 

* ■ ■ : *■ ■ • •• * ' * * .s . - .7 ' r : '*■ ' *' 

With prior .extension. of. the-' anneal fed metal, G-^ and 
^14.45 are l ’ 0 ' 5 - 11 found to decrease (fig. 2A) ; G 0 , 0 - 14 . 45 , 
and G-gg g rise with increase of cold .'reduction (fig. 2 B) 

from 1'0 t"o 20 . percent* and,, decrease continuously with further 
cold reduction to ' value s be lo w.-.that^o'bt'ained for the annealed 
metal.. A-f'ter ip;13-: per cent . extension (_9. 2-perceht , reduction 
in fig'i; 2 A), however, -the values: ‘of G 0 , ^ 14 '. 45 * S-nd Ggg. 9 

(the. latter : point . indicated -by -the lowest of the three p_oints 
plotted at’ this reduction) are somewhat lower ' than the. .values 
obtained by 40- percent cold reduction (fig. 2B).' 

! With increasing extension -(fig. 2A), the linear stress 
coefficient, C 0 , rises to a maximum at about 2-percent 

*In this report, as in earlier reports (references 1 , 2 , 

3, 4, and 6 ), the modulus is given as the ratio of the stress 
to the elastic strain (the total strain corrected for perma- 
nent set ) . 


I 
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equivalent reduction,’ decreasing r 7 apidly thereafter to zero* 
With cold reduction (fig* 2B) , a zero. v„alue. o-f 0 o . is- obtained, 
except for 'the tubing -cold— redu^d '40 perpent.; jt he . indicated ' 
variation of the shear ' modulus with stress, hp.wev:er-, signifies 
that for some o f' the ' tube s the, ''modulus does-;.not vary linearly 
with stress. » ! " ' ‘ . ' . " ' f "•> i V' 






It is apparent that "the influence upon the .shear modulus' 
of extension dif-fer : s from that of cold reduction,. ■The^.de-*" ' : 

crease of the modulus during prior extension probably can be 
attributed to the predominating . influence of the wb.rk^ harden-^ 
ing o r ' lat t i ce—'ex-pa'hsuph 'f acto r • The internal stress .induce'd" 
during prior extension, does hot' greatly affect the shear ‘mo d'—‘‘ 
ulus values,' as* 'ha's been explained in an earlier report (rbf-- 
erence 5). As" stated’* the re idximum shear occurs alohg differ- 
ent planes during-'-pribr extension, than, during, torsion testing.- 
.The internal stress-* set 'up during extension would, have" apor'fe- 
ciably leSs inf lUenee •‘■upoh : sub sequent torsion measurements • ■ 

than it would; if the planes of maximum shear were the same • " ' 
during pribr - deformation and' ‘during ‘testing. As previously "* 
stated (reference 5), residual stress produced during exten- 
sion is anisotropic in its influence upon .some of thq- subse- 
quently -measured ela'&tib properties • . . . ■ - : ■ ' 

* : W.i.th,.cpl;d -..rejduction : of Wbhel, the initial rise .qf t .. .the. 
shear .ppjdulus L ihd-iQatee that " the - wdr£--hardening .factor ‘does •. 
not predarqina'feq-.- .It i s known : 'that ' duf- ing cold reduqtjion’, 
most 1 ', active" .slip-, planes;- wil 1 not have the same oVi'entati<?ps^. ; ,. 
thrpUghoji't, thp. c"rp,ss ■ sectibn of the :-tube* The ihte.'rhalj.’ , 

stredshs" pr.odpcedi during • .such 1 reduction will-' therefore' >e . .t_, .. ... 
more nearly., isotropic in; their .influ'ence upon- subsequently. ..... 
measured.. elas.tiC; properties .than .during extension.' . It. l.g„ ; 
proh i abie..'that. such- internal .stress . will thepefqr'e 'predbmihat,e'. . 
in causing a rise of shear modulus for cold- reductions . up t'6 ‘ 

20 percent. The decrease of the shear modulus for reductions' 
greater than 20 percent (fig. 2B) may be attributed to the 
combined influence of lattice - expU'as'ibh, ‘ and- id another fac- 
tor, crystal reorientation. The influence of this latter 
factor, which will be discussed in more detail later, may 
also be effective in causing the decrease of the shear mo.d.ur.- 
lus with extension, of annealed monel '(fig.- 2A) . 


The causes for variation of the linear stress .coeffi- 
cient of the mo dulus • 0 o -are not so evident;, the' value .. , 

C 0 is difficult to evaluat e ' accurat ely and is generally 
small. 
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. • -,:o Iffce rlnf.lupjac,&; ,o.f Anne a.l An g- JC.emp-.er^twr.e Qn th§ \ 

. . I .t \j ' j . - V O "3 ' jC - : . r > i.-vii - - : " *• j \ 

Shear Elastic Properties of Monel Tubiqg,. > ■- : 

; ;r>0 .,Tbere ,i e shown in.f igwre; 9A the. yariuti on ^of fthj shear 
p E.o.9>f {j s t r e-s s e p jjrith, appealing; temperjat^r e - ■ Thase^v^lues;. were 
d.eri.vsd^ f r om tests .on- a sarins of cold-*peAuaed aonel, tube s 
annealed' a* 3.0.0°,; 500?', ‘ 700?, • >00° ,“"1,000 0 * ‘ 1 £60 ? 'j and 
1,20.0° S j respeq.iive.iy- . ? r oof. . st re sa -valuas .jsb tailed,, up on . an 
unanne.a^ed ■■ specimen JGjL . are. .plpt-ted. a?t. .100° P^and the val- 
■u,e.s 'attained up.op . a, ,s of t -anneal e,d . specimen T;GE ' aye ,r ep|ot t ed 
from .f.igu r e . 1 ... ai; 1400° P.. . f , ,. ; • ...... . fc; . f .. ? u 

.... ,. With increase, of annealing, temperatur.s, all .proof 
str qsses, r^se , ^reaching a maximum q£. percent 

pr,oq ; f set; andf„-at, ...jp.OP 3!.._f,pr t^e f r ema'ining proo.f setsj Wl^h 
f^.thqr.'., incrgasp ^al.l,, proof;, str e-saq e t C d%cjraa,&9.c this, decrease is 
.most rapid, fop.,.. th^-O-. 1. per, ceatj-.prQQff ^e(\. ,. r All pr oof ^.stre s se s 
•decrease <at their maximum r.at.e .for janneajling . t eiiperatur e ^be- 
tween 1200° and 1400° P„. ;i -. The -i-n&t ia*- < 5 -JiS.e jm§y ; t.e . attributed 
to relief of deleterious internal stress; the subsequent c|.e~ 
crease ;t o:;theIramoTal .of ^ork.-harder.Anrg ..affect s apdi.to recrys- 
t.alli zat i on . •• .• ... • i .. ;rl -t */i r. jy.,.u -.'s 

1 1 ■ . ‘ : 1. . , . ■ . u ' . . 4. ■ 1 ’ *■* i c ■ / ‘ :■ L ■ ’ • ’ ** t !<l \ 

■j: • ;I.n ..figure. 10 are pi at t ed ria^e ,& ;■ -of: rt;hq ;■ ghear , wpclulu B;,and 

its linear- etreas codf f ix.i.en,t -.0. o -abtaiiSed ^.P.^ tJie.Be same 
annealed specimens-i. ■ Wi t'h' ^increase ,ot£ vahnea-ling -,t eraperatur e , 
tha -'several modulus - 'fe-U-rVe-s ri-'Se - si owly ;:t;o- :maxima* f a.t about.-. 

900*? Ji The - linfear st4*e»e coef fiori'entr "af the modulus., 0 o v 
"li Revi se ! 'r each eV a mk-ximu-ia !! at •'dec-reaslng t o- 1 - star o -f or an 

anhealittg’ temperature- of ; 1 4-^0 0-° -P The actual variation of 
the' shear "toddultLs 7 ‘ciirVbb "i s r Bma , l'l ;;' y th'i S' iVould indicate that 
no' si hgl e ■■ faStbr : pr'e'd oaiha't'es *in i't s ihfluehee up'dnvtM «'•- 
'^r'opdrt-y '' duriig-'- ahnefel^ng ' of-'^mdn-e'r; 1 '- ®he -Absolute valuee of 
0 o '-' afe 1 quite SfiialT; ■' hb- -g-r eat^ si’entfioand-e cau.-b4;:at tashed to 


their variation". 

<v ;*. '3 ..to !>/:■; .to ifiUv’,-joij -•£* ;ti;io.iT;i3 n i. 

« i 1 ”: ) t jt £?.£ >-.* 'r 0 i . 


» -j i- a 
X t •* t ' 

r ( THE SHEAR ELASTIC PROPERTIES OP NICKEL, INCONEL, 


.»* 1 1 : 1 * - z - r . r . O .V v 

>, - 

0.;.; • — -- 


a c r r. 


' - 'A'N3)' : ALUM I NU M -M'ONEh- -T-FR'I N6 


Influence of Plastic Deformation on the Shear Elastic- Strength 


The variation of shear proof stress with extension of 
soft-annealed nickel (TRP) , Inconel (TLD), and aluminum-monel 
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(THD) tuning. are shown'. in- figures 3A, 5A, and 7A', respec- 
tively. With' ext ensi on 'of annealed nickel (fig. '3A) , the * 
0.1- and 0 . 03-per-cent shear proof -stresses show a slight 
initial rise. The lower proof stresses for annealed nickel,-" 
as well as all proof stresses for annealed Inconel (fig. 5A) 
and aluminum-monel (fig. .7A-)-» exhibit an initial decrease; * 
This decrease is most marked at the l.oWe-r proof stresses. ' ' 

At greater extensions, proof stresses- for all metals rise; 
this rise is most rapid at the greator values of set. Simi- 
lar proof stress ext ensi on. curve s were obtained with annealed" 
monel tubing (fig,‘. 1A). •' - — — 

With increaso of cold reduction of nickel (fig. 3B ) , 
Inconel (fig. 5B) and aluminum-monel (fig. 7B), all proof 
stresses exhibit a 1 rise.-' • Value s ■ for ' the laborat.ory-annealed 
tubing, as well as-.-for the. factory-annealed Inconel (fig. 5B) 
and aluminum-monel ( fig: • 7B.) , ‘ are plotted at ' zer o ' redu'dt i on 
of area; broken lines connect these points with the points 
representing the smalle st . cold reductions. The actual vari- 
ation of proof stresses in't'his range may deviate appreciably 
from such a linear relationship. Solid lilies connecting the 
points representing the various cold reductions would corre- 
spond more nearly to the.adtual variation of these- proof 
stresses. • • • : •-< * 

The initial decrease of pfoof stress with extension for. 
these metals is probably due to the' dominant influence of 
induced internal stress..' The subsequent rise’ of proof stress, 
as well as the rise- exhibited for cold-reduced tubing, may 
be attributed to- the dominant i nf luerlcd 'of the work-hardening 
or lattice-expansion factor. . \J : - * '• ■ ‘-f - . 


Influence of Plastic Def ormatl On ’ on the Shear Modulus 
of Elasticity and it s .-'Linear-— St r-e s s Coefficient 


shear 


With extension of annealed nickel (T-Sp) (-fig 
modulus of elasticity, <J 0 , exhibits a sharp 


.- 4 A) , the 
init ial 


rise; at greater extensions, little variation of the shear 
modulus is noted. .With ext ensio-n . of .annealed .aluminum-monel 
(THD) (fig. 8A) , little var iati on ’ i s " likewi se ^obtained . With 
extension of annealed Inconel 'tubing (TLD.) (fig. 6A) , however, 
there is a general decrease 0‘f shear modulus s'iniilar to ’that 
obtained with annealed monel' (fi-g. : '2A)’. 


With increase of cold’ reduction, nickel tubing (fig. 4B) 
exhibits an initial increase of the shear modulus, G-, followed 



10 


NACA TN No. 967 


"by a .deor.easjeL,. This is similar to ther var iat i on obtained .with 
monel tubing (fig. 23). InconeT'( f i g . :6B ) and .aluminum-monel 
(fig. 83), however, 'exhibit a continuous decrease of G : -with 
increase -of cold (r.educt i oh . 

. The decrease of the shoar modulus with extension of an- 
nealed Inconel .( fig . 6A ) may 'he at t r ibut ed . t o. t he dominant 
influence - of either .work-hardening.' Or ftrystal. ori pntatioau.. 

The horizontal position of the shear modulus curves- f.or ex- 
tended annealed nickel (fig. 4A-) and aluminum- jnonel. ( fig , ,.8A) , 
however, .suggests. tha_£ no single factor has a dominant influ- 
ence on the. shear modulus irrthi's range'.. 

Lit tie. aig-p-if ipahbe can 5 ' Ve- attached, t o the;- sharp x 3. B,e (of 
the; shear., modulus, during ini-tial. ext'enafon -of annealed nickel 
(fig.-4A). , Owing to .the ext'rem>ely small' s : t.r.e ea.. r an;ge . : qyar . 
which,— Bt ra.i.n is, measured, as ind'icat'Od -by ’the G-, 1 -p o.r c e n.t • 
..proef^st.r.ess (value in figure 1 3A* •'tlxetude't«>minat i ion of .the 
shear, modulus may be subject 'to eohsiderahia error. Wi.fch 
.subsequent, .e^t.enfiion,; however-,- the "stress -.range is .great er , 
increasing ,^ha accuracy .of determining the. . shear modulus . 

With increase of cold reduction of nickel (fig.. 4B ) ., .the 
init ial ,r ise of. the shear modulus may be attributed to the 
predominant-, inf lueAce of internal stress. The.:’- .degrease of 
the shear, mbdulusj' with subsequent c.old , reduction of.nigkel 
(fig. 43), and' throughout the cold-reduct i op- range; of .In.cpgel 
( f i g.. ’ 63) . and" aluminum- monel ' ( tfig4 " 83) , may - he.; at.tr ibut ed t o 
the combined dominant -influence of the lattice expansion a.pd 
crystal reorientation factors. .'A dzi s cussion -of .the- relative 
influence of these factors will be given later. 

, ■/ f; - • 

With extension of annealed' nickel' (fig-. 4.A) , ..the -linear 
stres.3 coefficient of the modulus 0 o has a zero value over 
nearly the whole range.' for extended annealed -Inconel (fig. 
6A)„ "a ;maxi-mum value of ,C 0 _ is reached at about 3-percent 

e<}.uivalhnt cold reduction; whereas or ' eXt ended annealed 
hluminum-monel (fig.. 8.A), Op. is still rising a£t'er 9.1-p'er- 
cent ' reduct-ion. : ■- . ' " : . . - : 

With 30^-perceat; cold - reduction., of'hickel (■fig". 4B)-; C 0 
reaches a, maximum; ' it ' decrease s 'g.ont.i nuo'u .sly wi th bold " reduc- 
tion of Inconel ( fig ..• 6B) . ' The variation with- cold 

reduction for these latter two metals is qualitatively simi- 
lar- to the variation -of their sheiar-. m.-pdulu.s.., ,G .. A maximum 
value’ of* 0 Q is reached at 40<-epe.r.cent jcprld;- reductioji of_ 



HACA TH Ho . 967 


11 


aluminum-monel' (.fig. 8B). ■. .The ' -mag'nl tude of the values of 'C 0 
attained with, extension of- annealed nickel, and with cold r a - 
duct'ion -of "both nickel and 1 aluminum- monel , however, is gener- 
ally small. ' ’ r. r V - 

The rise of C 0 , with, extension of annealed Inconel 

and annealed aluminum-monel, and with cold reduction of nickel 
and aluminum-- monel , may- he attributed to the dominant influ- 
ence of induced internal stress. The subsequent decrease of 
some of these curves may- -be. attributed to the . dominant influ- 
ence of the lattice-expansion fact or:- and probably to some ex- 
tent to crystal reorientation.. 

The large value of. < 0 o . .. for the factory-annealed Inconel 
(fig. SB) is commensurate with large values of G- and small 
values of proof stress (fig. 5B.) -obtained on this metal. It 
is believed probable that ■ .this- mat-ei ’l : al. was st raight ehed , 
following factory annealing; thereby, inducing internal stress. 


Influence of Annealing Temperature on the Shear Elastic Strength 

In figure- 9B is- sh,own -the . : v-ar iat-ion of the "shear proof, 
stresses with annealing -temperature . for- cold-reduced nickel, 
TEE. , fWi-th increase of annealing temperature, there is a con- 
tinuous decrease of shear proof- stress; this decrease is most 
rapid between 1100° and 1200° E. With increase of annealing 
temperature the shear proof stresses for cold-reduced Inconel 
TLO ■( fig 12A)- ri se- to maxima between 700° and 800° E and de- 
crease continuously at> higher temperature s ; the moat rapid 
decrease ocours between 1.100° and 1300° E. For cold-reduced 
aluminum-monel ,' THC (flg.l2B), ther ; e are two maxima in the 
proof stress-anne'aling temperature curves. The first occurs 
at about 500° E, the. second and much higher maxima at 1075° E. 
The aluminum- monel specimen annealed at" 1075° E was held at 
temperature for 1-0 -hour ‘ Pr-o.o-f-'st-r e ss values obtained upon 
soft annealed specimens and plotted in -figures 3A (TEE), 5A 
(TLD), and 7A(THD) are roplotted in figures 9B, 12A, and 12B, 
respectively. 


The, initial .ri s.e . of .pr.Q.of ...st r e s s xith temperature for 
Inconel (fig. 12A) and' aluminum-monel (fig. 12B) tubing is 
probably due to the dominant influence of relief of internal 
stress. The secqnd maximum in jor oof stress for. the aluminum- 
monel may be. attributed ’to precipitation' hardening o'f 
."this alloy. Such precipitation hardening is additive to pre- 
vious hardening by cold "work. ' The decrease of' proof strebtr 



12 


NACA, TN No'-. 96? 


obtained subsequently on Inconel (fig. 12A) and aluminum-monel 
(fig. 12B), and throughout the temperature range for niclse.l 
(fig. 9B) , may be attributed to the combined' dominant .influ- 
ence of relief of work-hardening effects and r eery stall izat i on , 


Influence of Annealing T'emperature on the Shear Modulus 
of .Elasticity and Its Linear Stress Coefficient 

■ ' ’ With .-increase of the t emperaour e . cif annealing of cold- 

• reduced, .nickel .(fig 11A) , -fhe shear modulus G shows little 
Variation Sxa^pt-. f for.' ...a; shafp rise at. 1200° S' followed by an 
abrupt drop’ at 1450° P. The stress range over which strain 
was measured on these latter two $peQim6ns. is so small (see 
0 . 1-per cent, propf. sir as s , : fi"gV 9B')' that an accurate calcula- 
tion of" the. modulus was not.- possi'bl e-f ; The shear modulus of 
inconel ( figp, - 1 IB) and' of .aluminum->on’el ( fig’. 13) riee.s con- 
tinuously with increase, of ' anneal i r.g] t en'per atur.e ... The.high— 
e st i value of . G for inconel i 8 obtained with the' factory- 
annealed tubing. 

The rise of. the . shear modulus with ’anheaiLing temperature, 
for Inconel and aluminum-monel, may be attributed t<3 the in- 
fluence of relief ' Of /worklhar'dehi'ng ahd’ t'.o fa.cryetailiaati'on . 
With incr.eh.se ..of, annealing te’taperatur e however, 1 ao 
crl n&ia -Far.f.n-r have a dominant in f lu e n.c.e, on ..the ' ' ' 


single ..fact. op, appear s to 
shear” modulus. -■ •• ; ■ 


With., .incr e.a;se.r .of ahnealihg' t emperature," upon,u,ickei- (fig'. 

g., , 1 IB) >;■' there' is no*" tegular variation 


'o * 


of^ 
the ' 


il A) or Inconel (fig 

the., lineay.., stress coefficient of! the. shpff ’ppdnlu.e, 
magnitude ;,ofo Q$\ i s ’• geherali^" small’’. , .As jr&S- b-Ot pd'.bef of e 
(fig.: 63.) , ■ the "valil'e 6f ; 0 q . ’,_f or ,.faqt ory- Anneal ed ' Inconel is 

large ; C 0 f or' aluminum-ipnal ; ; Cfig, : ..13-)' tends to decrease 
.with 'in-crease : p;f ''annealing ..temperature ^ its •’magnitude , how»- 
evet', is small. " :) -C " . ■ ; ' 


■THE- -IN-PLUSNC'E OP' VARIOUS PACBORS UPON THE 'SHEAR- 


ELASTIC PROPERTIES.. OP. N.O.NPERROU-6': METALS' 


t. \ u. 


; In earli e’r report e /( reference s ■ l^t 9 :- 6 ) much : att ent i oh 
has -been "given to "the ’’influence of., several .fundamental’ factors 
upon the tensile and shear ..elastic .strength and 'the • eld Stic . 

’ ■ - J ; *" ■*, 1 - * . ■ _■ • ,Y r. •*' r }*' »I T T -jf Si.» # ' 


. . “ -i 
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modulus of metals, as influenced, "by: plastic deformation and 
heat treatment. These factor.s 'are (l)., the internal stress, 

( 2 ) the work-hardening or lattice-eixpansion factor, and ‘ 

(3) preferred crystal orientation. 

The introduction of internal stress tends to lower the 
shear proof stress, as is evident after slight extension of 
annealed metals (figs. 1A, 3A, 5A, and 7A) . The influence 
of internal stress upon the shear modulus, however, is appar- 
ently dependent upon the relative positions of the planes on 
which maximum slip occurs during cold working and during sub- 
sequent testing. Its influence upon the shear modulus is hot 
evident during shear testing of previously extended annealed 
tubing (reference 5). Since the planes upon which slip oc- 
curs during cold reduction, however, are apparently not so 
selective as during tensile extension, there is evidence dur- 
ing moderate cold reduction of monel and nickel tubing of in- 
duced internal stress. This causes a rise of the shear mod- 
ulus G- (figs. 2B and 4B) . Such induced internal stress may 
cause the lowering of proof stresses and increase of shear 
modulus obtained with factory-annealed Inconel tubing TLA, 
owing to a possible po st -annealing straightening operation 
(figs. 6B and 11B ) . 

* ' - - - >■ :• ' ‘J LE'l— J • 

The influence of the lattice-expansion factor is evident 
in the increase of proof stress and the lowering of the shear 
modulus of elasticity. With increase of cold deformation-, as 
produced by extension, or by cold reduction, a sharp rise ‘of 
proof stress is produced, owing to the predominance of this 
factor (figs. 1, 3:, 5 , and 7). The limit of work-hardening 
is evidently obtained, for the nickel, Inconel, and aluminum- 
monel tubing, after about 40-percent cold reduction in area. 
The lowering of the shear modulus. by the influence -of the 
work-hardening factor is most' evident in the extension of 
monel and Inconel tubing .( figs . 2A and 6A) and in the cold 
reduction of 'Inconel and aluminum-monel tubing (figs. 6B and 
8B). There is little evidence that the work-hardening factor 
has a significant effect upon the shear modulus of nickel 
(reference 6 and fig. 4). 

All of the metals tested are of the face-centered cubic 
type. After cold deformation, such metals tend to assume a 
duplex crystal orientation along, the specimen axis - namely, 
cubic [100] and octahedral [111], The proportion of each 
orientation produced will greatly affect the value of the 
shear modulus of elasticity. Earlier work (references 2 and 
6) tends to indicate that the orientation textures produced 
in monel and nickel are predominantly octahedral [111]; such 
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a texture might al-so he expected to he' found in severely 
c old-daf or.mod -aluminum-m onel . A pr ©dominant ly octahedral 
orientation would -.tend to give a lower value of the shear 
modulus than obtained if the : or dentation were randomly dis- 
tributed (references 2 and 6). 

.Al.th.ough preferred or lent at i oh i s generally observed in 
metals, by -X-ray measurements.- only -after severe plastic defor- 
mati.on,,- the limit ijng. defer mat ion caniiPt be established at 
which p're'f, erred. or.ie ; ntat.i on -first "exert s a dominant influence 
'upon the shear .modulus.'-.' The relative influence of lattice- 
expansion and x>f., preferred..' .crystal r B or-lhnt at i on , in causing 
a. 1'ow.ej: ihg .p.f., the .shear ■ -modulus dur lug' da formation , therefore, 
1 s; not -'apparent , In earlier , measurements ■ of the tensile mod- 
ules ( p e f erence s : 2, - and . 6.)-, however, there Was scattered evi- 
dence that, the- influence. Of preferred' crystal orientation was 
dominant even : at ., small • deforraat i on s-i 

1 1 .w9-s..‘. net ed in -ear li pr .report is ( r ef erence s’ 2 and 6) 
that preferred. crystal or iantafci oh influences tensile and 
shear moduli .in an . opposite manner .': Thefd is evidence that 
internal streaa.will -tend t o ‘c'au se :ah ^ increase 'of both the 
shear and 'tensile moduli. The relative influence of such in- 
ternal stress is dependent, however, upon the directions of 
slip, .planes .during prior, deJormation and’ difflng strain me. as-, 
urejtfents. It Is likewise ■ b-el leved 1 - that lattice expansion 
will tend to. decrease- both -tensile' and Phear r moduli . C ompar- 
'i'sop "of. t-hs, variation- of tensile and Shear ''mbdul 1 of metals, 
as .influenced- by plastic deformation ’and' heat treatment, 
should provide, valuable- information of -the* 'relative’ influence 
of" the various factors. •• ;• : ’ 

Measurements are. new being . made ; o'f : th^t ensile elastic 
properties, upon a. series-:, of tubular spec'i-mehs similar to. 
thosh' tested in torsion' for this- ihve st i gat ion . ~ A' c'omparlson 
of these values with ■ values given in the present, report will." 
be'.publi shod, shortly-.- : ■- — - '• • 


CONCLUSIONS 

The ef f eat s -of- -p,last i.c, ,*def ohma tl o'n 1 ■ and of heat, treatment 
on the shear elast i c- -p.ro.pe.rt ie s' of — model-, ■ 'nickel , Inconel', 
and aluminum-monel tubing, were studied.’'' #he variation of 
these prppprt,io.s , is -, inf -luouc'ed- 'by .t'h’fee- 'import ant; fact or s, - ■ 
namely, (a) internal stress-, '(b) the -work-hardening - or . la't t i cp- 
expansion factor,, and;. -(c) cr y.sthrl . ori ent at i on .' In' the' follow- 
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^ ing summation, the 'relative influence of these,, three factors 

will he discussed. These conclusions Tapply to all of the 
metals tested except as ipdicate<jL. ....... 

1. With plastic "extension of annealed tubing, "the ‘shear 
proof stresses exhibit an initial decrea-se" of a’slight rise, 
followedby a more rapid .>i se. Induced 1 internal stress is 
evident after slight extensions; whereas. the work-hardening 
factor dominates 'following large deformat ionf. 

2. Moderate col.d reduction, as . produced either by 'cold- 
drawing or by^'the 11 tube- reducer" . me thod , causes ‘a 'large in- 
crease of shear proof, stress. The work-hardening factor 
evidently dominates in causing this rise. ' Severe cold reduc- 
tion does hot produce an appreciable rise in proof stress 
above that obtained at 4Q-percent reduction, for the size of 
tubing- .tested. 

, 3. ' Annealing of cold- reduced monel, In.conel, and aluminum- 
monel- tubing -at intermediate, temperature s leads, to a noticeable 
increase : in 'all shear . proof ' ; str.esse’s= , -5Ehis is taken as evi- 
dence. for the relief of internal stress. : A^taarked. increase in 
all proof ..stresses in ohta’lhed with, aluminum-monel metal after 
* holding at higher t emperatur'es', ' within; the precipitation- hard- 

ening, range; ;a fairly long holding t iiae ' at ‘ temperature is re- 
quired .to .obtain a -maximum rise' in'pfoof’ stress. With in-' 

4 crease of annealing temperatures above those required to ob- 

tain these maxima, the proof stresses for these metals decrease. 
The proof stresses- for nickel -tubing decre_a.se continuously with 
increase of annealing temperature. ^ Th.e most rapid decrease of 
proof stress , for .all metals' ^occurs fbr’ annealing temperatures 
in the vicinity of 1200° T, The decrease in proof stress with 
rise of annealing temperature is due to -the . dominant influence 
of relief of wo rk-hardening and t'.o recrystallization. 

4. With extension of annealed monel and Inconel tubing, 
there occurs a lowering of the shear modulus of elasticity due 
to the dominant influence of the work-hardening factor and 
perhaps to some extent to preferred crystal orientation. No 
significant variation of the shear modulus of nickel and of 
aluminum-monel tubing occurs with such extension. 

5. With increase of cold reduction of monel and nickel 
tubing the shear modulus of elasticity rises first to a maxi- 
mum, followed by a decrease at greater reductions; internal 
stress probably predominates during early cold reduction. 

» Tor Inconel and aluminum-monel the shear modulus decreases 

continuously with increase of cold reduction. The decrease 
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of. th-e shear Modulus with cold : redaciiofi.. .of ; , ; a:ll. ;jn,ei:als is-, 
proba-b.ly duel It.o "the „c ombined ■. dominant;. in.f lunsACO of.- ;. 1 ^he. work- 
hardening factor and the production, fcfc- preferred , orient ait. ion 
of grains as obtained with cold reduction. The relativo in- 
fluence of ; these two .factors has noi± been; establdoh.ori * 

, ■ . . it'i ,< a -• i- ?e 

6 . --With increase qf annealing. -t emper. at up e ; , the : |^e $,25 * .. % 
modulus of elasticity of Inconel, and aluminum- monel tubing . 
rises continuously. -This rise is. evidently due to the domi- 
nant influence of relief of work-hardening effects and rs- 
crystalli zation . ■ No _■ si gni f i qant variation of the? .shear mod- 
ulus . of . elasticity of mono! and nickel tubing with .cha.ngo .of. 
annealing, .tompera.tur e 'i.s observe^. The shear modulus of 

ela.9|icity .of .f acjjpry-.anneal od Inconel tubing i.e somewhat . 

greater than that .obtained for. .the laboratory annealed .tubing 

*; • . .7 / ' ; .. " :: < j v-f.*; .--v. 

7. Although considerable fluctuation is ob sarya^a. 'o^^hj^. 
linear stress coefficient of the shear modulus 'wit h 


:plas.tic deformation arid var lat i on; «f; annamling .temperature , 
the magnitude of .-.the so if luctuat i ons. .i.s-..- generally not . signifi- 
cant . -The decrease, of the shear* modulus' with rntresB .v0>» -. : ~ 
tained in it-a-st s of ..some •. specimens, f.or which, .the value of.-.. Cq 

i s ' zero , indicates -that - the ;var istt i on ■ of -the- -shdar mOdulusi ’ 
with stress i s '-of- quadrat ic • or ■ higher ; order.' : The variation 

of - the shear modulus with stress., -however-, is generally not 
proportionally as great as was obtained earlier from tensile 

tests Oh tensile- bars, of similar materials. 

a :: : ' . -■ ‘ •» : ., . 


“f r 


-Although 'the •coricl'UBion s ; - drawn'- apply* epecif i'cally to 
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TABU IX.- DETAILS 0 7 THEHHAL AID kXCHiXXCAL TREATMENTS 07 1IETAL TUBXXQ 


Treatment as racelred 


Specimen 
deal gnat left 


Annealing 
temperature 
(£«* r) 


Time held 
(hr) 


Meabenical treatment following 
heat treatment 


Oold drama 10 percent 
Cold drama 20 percent 
Cold dramn 30 percent 


cold drama AO percent 


•Tube reducer 76 to „80 percent, 
normalised at 500° T 


Cold drama 10 peroent 
Cold drama 20 percent 
Oold drama 30 peroent 
Cold dramn 40 percent 


Tube reducer 75 to 80 peroent 


Tub* reducer 7fi to SO peroent. 
normalized, at 1600 J 


Annealed 

Cold drama BO percent 


| Tube reducer 75 to 80 peroent 


( Tube reducer 76 to 80 peroent , 
normalised at 500° r 


Anneal ad 

Cold drama 40 peroent 


Aluminum- 

model 


I Tube reducer 60 peroent 


I Tube reducer 60 peroent. 
normalised at 500° 7 


As received 
As received 
Am received 


TOE-14 . . 
TQD-14R-0 . 6 
TQI-14R-1 . 0 

Tor-i4R-a.o 

T0I-14R-3.0 

TCE-14R-5.0 

.TGE-14R-10.0 


At annealed 

Extended 0.46 percent 
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Figure 3.- Variation of shear modulus of elasticity and its linear stress 
coefficient with prior deformation for monel tubing TG. 

A, monel TGE, annealed and extended*, B, cold-reduced monel. 
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Figure 3.- Variation of shear proof stresses with prior deformation for 
nickel tubing TR. A, nickel TRF, annealed and extended; 

B, cold-reduoed niokel. 
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Figure 4.- Variation of shear modulus elasticity and its linear stress 
coefficient with prior deformation for nickel tubing TR. 

A, niolcel TRF, annealed and extended; B, oold-reduoed nickel. 
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Figure 5.- Variation of shear proof stresses vlth prior deformation for 
Inconel tubing TL. A, Inconel TLD, annealed and extended; 

B, cold-reduced Inconel. 
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Figure 6.- Variation of shear modulus of elasticity and Its linear stress 

coefficient with prior deformation for Inconel tubing TL. h- 

A, Inconel TLD, annealed and extended; B, cold-reduced Inconel. 
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Figure 7.- Variation of shear proof stresses with prior deformation for 
aluminum -monel tubing TH. A, aluminum-monel THD, annealed and 
extended) B, oold-reduoed aluminum-monel. 
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Figure 8.- Variation of shear modulus of elasticity and its linear stress 
coefficient with prior deformation for aluminum-monel tubing 1H. 
A, aluminum -monel THD, annealed and extended; B, cold- reduced aluminum- 
monel. 
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Figure 9.** Variation of shear proof stresses with annealing temperature. 
A, monel tubing TG* r B t nickel tubing TR. 
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Figure 10.- Variation of shear modulus of elasticity and itB linear stress 
coefficient with annealing temperature for monel tuhing TG. 
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Figure 11.- Variation of shear modulus of 

^ ooefflolent with annealing temperature. A, nickel tubing TR, 

B, Inconel tubing TL. 
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Figure 12.- Variation of shear proof stresses with annealing temperature. 

A, Inconel tubing TL; B, aluminum-monel tubing TH. & 
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